The MAST-4 (marine stramenopile group 4) is a widespread uncultured picoeukaryote that makes up an important fraction of marine heterotrophic flagellates. This group has low genetic divergence and is composed of a small number of putative species. We combined ARISA (automated ribosomal intergenic spacer analysis) and ITS (Internal Transcribed Spacer) clone libraries to study the biogeography of this marine protist, examining both spatial and temporal trends in MAST-4 assemblages and associated environmental factors. The most represented MAST-4 clades appeared adapted to different temperature ranges, and their distributions did not suggest clear geographical barriers for dispersal. Distant samples sharing the same temperature had very similar assemblages, especially in cold temperatures, where only one clade, E1, dominated. The most highly represented clades, A and E1, showed very little differentiation between populations from distant geographical regions. Within a single site, temporal variation also followed patterns governed by temperature. Our results contribute to the general discussion on microbial biogeography by showing strong environmental selection for some picoeukaryotes in the marine environment.
Introduction
Biogeography is the study of the distribution of biodiversity over space and time. Studies performed with plants and animals have revealed geographically restricted metapopulations due to deterministic (environmental) and stochastic (random dispersal) processes (MacArthur and Wilson, 1967) . Whether or not microorganisms follow similar patterns is an old debate (Beijerinck, 1913) that has recently seen a renovated interest (O'Malley, 2008 , Hanson et al., 2012 . A long-held concept is that free-living organisms o1 mm (all prokaryotes and most protists) are sufficiently abundant to have worldwide distribution owing to their dispersal ability (Finlay, 2002, Fenchel and Finlay, 2004) . Microbial cells can be dispersed via wind, water or birds, and many species have a high ability to become dormant in harsh environments (Whitfield, 2005) . Consequently, microbial organisms are believed to occur wherever the environment permits: 'everything is everywhere, but the environment selects' (Baas-Becking, 1934) .
Implicit in this tenet is that free-living microbial taxa are not randomly distributed but exhibit biogeographical patterns, and in some cases, these patterns may be qualitatively similar to those observed for macroorganisms (Green et al., 2004 , Horner-Devine et al., 2007 . However, as indicated in the tenet, these patterns would be the result of local environmental selection rather than dispersal limitation.
The current evidence confirms that environmental selection is fundamental for the spatial variation observed in microbial diversity (Martiny et al., 2006) . The next frontier is to figure out whether these patterns are also influenced by geographical barriers that facilitate evolution and diversification. Because geographical distance is often correlated with specific environmental characteristics, disentangling the relative influence of these two factors on community divergence represents a major challenge in elucidating whether or not microbes are limited by dispersal. It is known that freshwater diatoms present dispersal limitations because of desiccation intolerances (Vyverman et al., 2007) . Other highly specialized microorganisms, such as the hyperthermophiles, are unlikely to make a long dispersal journey, so are easily isolated by geographic barriers, resulting in the development of a global population structure (Whitaker, 2003) . However, marine systems are expected to be less prone to dispersal limitation than terrestrial and freshwater systems.
The oceans are an interconnected geophysical fluid that potentially allows planktonic organisms to disperse globally. A global conveyor belt mixes oceanic waters at scales of thousand years (Broecker, 1991) . Thus, tectonic and water mass dispersal barriers are often weak and unable to geographically isolate pelagic planktonic populations for extended periods of time (Sexton and Norris, 2008) . The geographic distribution of marine planktonic diatoms does not seem to be limited by dispersal; rather it is the environmental selection which dominates diatom community structure (Cermeñ o and Falkowski, 2009) . The general view is that of a broad dispersal of marine planktonic microbes (Cermeñ o et al., 2010) . The picoeukaryotes represent an optimal target to further investigate biogeographical patterns of marine microbes.
In a previous study (Rodríguez-Martínez et al., 2012) , we investigated the diversity of an important uncultured picoeukaryote, the MAST-4 (marine stramenopile group 4) lineage , which is widespread in surface marine waters (except polar systems) and represents approximately 9% of heterotrophic flagellates , Rodríguez-Martínez et al., 2009 . We observed that despite its huge number of cells in the oceans, MAST-4 has a very low genetic divergence and is composed of only five main clades, each representing at least one biological species. The small size (2 mm), high abundance (B100 cells ml À 1 in the ocean surface), worldwide distribution and low genetic diversity make MAST-4 a good example to study marine protist biogeography. In this work, we determined the MAST-4 community structure and distribution by combining automated ribosomal intergenic spacer analysis (ARISA) (Fisher and Triplett, 1999) and 18 S rDNA-ITS1 (Internal Transcribed Spacer 1) gene libraries. MAST-4 diversity was analyzed at 40 different locations, and we found evidence for a strong environmental selection and little dispersal limitation for the most represented clades.
Materials and methods
Study sites and sampling Samples were selected from different oceanographic cruises performed at the North Atlantic Ocean (NOR, NAT, RG, BE and COC), the North Pacific Ocean (WE), the Mediterranean Sea (BL and AL) and the southern hemisphere (IND and DH) (Figure 1) . Details of these oligo-and mesotrophic environments (up to 3.4 mg chlorophyll l À 1 ) have been already published: NOR , NAT (González et al., 2000) , COC (Alonso-Sáez et al., 2007) , WE (del Giorgio et al., 2011 ), BL (Alonso-Sáez et al., 2008 , AL (Arin et al., 2002) , IND and DH (Díez et al., 2004) . Seawater was taken with Niskin bottles attached to a CTD (conductivity, temperature, depth recorder) rosette, prefiltered by a 200-mm nylon mesh and then filtered in succession through a 3-mm pore-size polycarbonate filter and a 0.2-mm pore-size Sterivex unit (Durapore, Millipore, Billerica, MA, USA). DNA extraction from the picoplankton (0.2-3 mm) was done using enzymatic and sodium dodecyl sulfate digestion plus phenol purification . The quality and quantity of extracted genomic DNA was determined with a NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, DE, USA). Physicochemical data (temperature, salinity) and chlorophyll concentration from the samples were compiled from the previous studies. ARISA fingerprinting was Biogeography of an uncultured marine picoeukaryote R Rodríguez-Martínez et al done for the surface samples in all the stations marked in Figure 1 , for additional depths in most stations and for a temporal survey at the Blanes Bay Microbial Observatory (BL). Surface samples from stations marked with a star were used for clone libraries.
Design of PCR primers
Specific primers were designed to amplify the end of the 18S rDNA (290 bp) by the ITS1 and the beginning of the 5.8S (39 bp). The forward primer M4.18S-F (5 0 -TGGGTAATCTTTGAACGTGAAT-3 0 ), located before the V9 region of the 18S rDNA, was designed based on all MAST-4 sequences for this region available so far (52 unique clones). It had a perfect match (identical in nucleotide sequence) for all these clones, except two (ME1.29 and OLI11066) that had an extra nucleotide (likely a sequencing error). It had 42 mismatches (except for one sequence with one mismatch and three sequences with two mismatches) to non-target sequences from the SILVA database (Pruesse et al., 2007) . The reverse primer M4.58S-R (5 0 -GTTGCGAGAACCTA-GAC-3 0 ), located in the 5.8S rDNA, was designed to have a perfect match with the 22 MAST-4 sequences (Rodríguez-Martínez et al., 2012) . This primer had at least two mismatches with all stramenopile sequences extracted from GenBank, except for some Labyrinthulida sequences (3 with no mismatches and 62 with one mismatch). Primers were checked for formation of primer dimers, GC (guanine-cytosine) content and theoretical melting temperature in the website www.operon.com, using the Oligo Analysis and Plotting Tool. This primer set gave an amplicon size ranging from 500 to 650 bp.
Construction of clone libraries
The PCR mixture (30 ml) contained 15 ng of DNA template, 0.5 mM of each primer, 200 mM of each dNTP, 1 mM MgCl 2 , 1.5 units of a Taq DNA polymerase (ThermoPrime, Thermo Scientific, Lafayette, CO, USA) and the enzyme buffer. PCR cycling, carried out in a Bio-Rad thermocycler (Bio-Rad, Hercules, CA, USA), was: initial denaturation at 94 1C for 5 min; 30 cycles with denaturation at 94 1C for 1 min, annealing at 60 1C for 45 s and extension at 72 1C for 1 min; and a final extension at 72 1C for 10 min. We tested the MgCl 2 concentration (from 0.5 to 3 mM) and the annealing temperature (from 55 to 66 1C) and chose the most stringent conditions giving the expected band. To check the specificity of the primer set, we confirmed the negative signal with nine non-target cultures (diatoms, haptophytes, dinoflagellates and cyanobacteria). PCR products were purified with the QIAquick PCR Purification kit (QIAGEN, Valencia, CA, USA) and cloned using the TOPO-TA cloning kit (Invitrogen, Carlsbad, CA, USA) with the vector pCR4 following the manufacturer's recommendations and a vectorinsert ratio of 1:5. Putative positive bacterial colonies were picked and transferred to a new LB (Luria-Bertani) plate and finally into LB-glycerol solution for frozen stocks ( À 80 1C). Presence of correct insert was checked by PCR reamplification with vector primers M13F and M13R using a small aliquot of bacterial culture as template. Amplicons with the right insert size (39-49 clones per library) were sequenced at the Macrogen sequencing service in Korea. Chromatograms were examined with 4Peaks (A. Griekspoor and T. Groothuis, mekentosj. com). Sequences have been deposited in GenBank under accession numbers KC561142-KC561369.
Sequence analysis
Sequences from clone libraries, together with sequences from the 'SSU-LSU' dataset (Rodríguez-Martínez et al., 2012) , were aligned with MAFFT v6.853 (Katoh and Toh, 2008) with the E-INS-I algorithm, using a MAST-7 sequence as an outgroup. The alignment was inspected visually and modified using secondary structure models folded in mFOLD (Zuker, 2003) as explained before (Rodríguez-Martínez et al., 2012) . A maximum likelihood (ML) phylogenetic tree was done with RAxML v7.0.4 MPI version (Stamatakis, 2006) , using the General Time Reversible model of nucleotide substitution and a Gamma distributed rate of variation across sites. The shape parameter (a) of the Gamma distribution was estimated from the data set using default options. Phylogenies were done at the University of Oslo Bioportal (www.bioportal.uio.no). One thousand alternative ML trees were run, and the tree with the best likelihood was selected and visualized in FigTree v1.3.1 (Rambaut, 2009) . Bootstrap analyses were run with 1000 pseudo-replicates and a consensus tree was constructed with RAxML. To infer intraspecific phylogenies and visualize alternative potential evolutionary paths, we constructed median-joining (MJ) networks (Bandelt et al., 1999) with the Network 4.6.0.0 program (Fluxus Technology, Suffolk, UK). Rarefaction curves for each clone library were constructed using Mothur (Schloss et al., 2009) . The genetic differentiation between populations was estimated with DNAsp 5.10.1 using the fixation index (Fst), which ranges from 0 (no genetic differentiation) to 1 (complete differentiation).
Generation of ARISA profiles
Environmental DNA samples were PCR-amplified in triplicate for ARISA in a MJ Research cycler. PCR conditions were the same as described before except that we used a volume of 25 ml with 10 ng of DNA template, a different Taq DNA Polymerase ('Gene Choice') and the forward primer was fluorescently labeled (5-HEX). PCR products stored in the dark at 4 1C were purified with MultiScreen PCR m96 Plates and quantified using PicoGreen fluorescence (Invitrogen) in a SpectraMax M2 microplate reader (Molecular Devices Corp., Sunnyvale, CA, USA). Ten ng DNA were ethanol precipitated from triplicates or from pooled PCR products (when the yield of the PCR was low), followed by resuspension with 0.078 ml Tween, 9.67 ml water and 0.25 ml fluorescently labeled internal size standard, CST ROX 60-1500 bp (http://www.bioventures.com/). Samples were run on a MegaBACE 1000 automated capillary sequencer (Molecular Dynamics, Sunnyvale, CA, USA). The electropherograms were then analyzed using DAx software (v8.0; Van Mierlo Software Consultancy, Eindhoven, the Netherlands). Only peaks exceeding four times the noise signal of the electropherogram curve were considered.
Analysis of fingerprinting data
From DAx output tables, peak heights were binned using the 'fixed window' binning strategy to take into account the size-calling imprecision from ARISA fingerprints (Hewson and Fuhrman, 2006) . In order to determine the best window size with our data, we applied the 'automatic binning algorithm' (Ramette, 2009 ) developed in a R script (The R Foundation for Statistical Computing (http://cran. r-project.org/)); we chose 2 bp. To identify the best window frame (out of the 20 possible starting with a shift value of 0.1), we used the 'interactive binning algorithm' (Ramette, 2009 ). This algorithm binned the peaks for each frame, calculated the relative fluorescence intensity of each binned peak by dividing its height by the total peak height of the sample and omitted peaks with values o0.5% (considered as background). We added an option in the script to compare frames considering only triplicate samples (instead of all the samples). The frame with the best correlation among triplicates was chosen; starting with 1.3 in our case. The final output was a table with the relative intensity of each binned peak (each considered as a different operational taxonomic unit (OTU)) in the size range of 500-650 bp. We then performed a permutational multivariate analysis of variance (PERMANOVA) test using the sample as a grouping factor in order to estimate the variability due to the experimental error. If triplicates were identical, this test would explain 100% of the variability. In our case, it explained 92%, indicating that only 8% of the variability of the samples was due to technical imprecision.
A consensus OTU-table (relative intensity of all the OTUs in all the samples) was obtained by averaging the triplicates in each sample, as long as OTUs appeared at least in two of the three replicates. A distance matrix from the consensus OTU-table was calculated with the Bray-Curtis dissimilarity index (community distance matrix). Patterns were explored using clustering analysis (along with the SIMPROF (similarity profile) significance test) and nonmetric multidimensional scaling (NMDS) analysis. A stress value was calculated based on the differences between BrayCurtis distances and actual distances on the MDS plot, with lower values depicting a better representation of sample distances in a two-dimensional space. Simple and partial Mantel tests (with the Pearson correlation and based on 999 permutations) were done to compare the community distance matrix with a geographical distance matrix (using geographical coordinates in a perfect sphere) and a temperature Euclidean distance matrix. The relationship between community composition (the OTU-table) and environmental factors was analyzed by a Constrained Correspondence Analysis. Automatic forward selection with significance tests of Monte Carlo permutations were used to build the optimal models. Additionally, we did a PERMA-NOVA test to check the importance of the environmental factors in the community composition. We also assessed the contribution of each OTU to the observed similarity (or dissimilarity) between groups with a similarity percentage (SIMPER) analysis. All multivariate analyses were also done with an OTU-table, including triplicates and with transformed data (arcsine of the square root of the relative intensity) to reduce the skew; no differences in the results were seen (data not shown). Statistical tests and graphics were done using R packages (Gmt, Vegan, MASS), CANOCO 4.5 for Windows (ter Braak and Smilauer, 2002) and Primer v6.1.2 software.
Results

Validation of the different MAST-4 clades
In a previous study, we showed that MAST-4 was composed of five main clades (Rodríguez-Martínez et al., 2012) . To verify the robustness of these clades, we obtained 228 additional sequences of 500-650 bp encompassing the V9 region of the 18S rDNA and the ITS1 region from five different locations (Figure 1 ), including the locations from the previous study and one additional site. All sequences obtained in clone libraries belonged to the MAST-4 lineage, demonstrating the specificity of the primers. The ML phylogenetic tree (Figure 2 ) revealed that the new sequences were distributed in the five clades previously observed, sometimes forming new subclades. Because we used the very variable ITS1 region, bootstrap values for the deepest branches were low, but the purpose behind this locus choice was the definitive assignment of sequences to clades and subclades, rather than a robust interclade topology. Sequences grouped in 12 different helix III types for the ITS1 secondary structure as described in Rodríguez-Martínez et al. (2012) , (Figure 2 and Supplementary Figure S1 ). Clade A included sequences from the five different sites, all with the same helix III motif. Clade B also had one helix III motif but was divided in three phylogenetic subclades. Clade C presented four helix III motifs, including several CBCs (compensatory base Biogeographical patterns from sequence analyses To examine biogeographical patterns from the five samples, we used the ITS1 sequences to construct MJ networks for each clade (Figure 2 , right panels), which allow visualization of potential evolutionary paths in data sets with large sample sizes and small genetic distances between individuals. These networks revealed variation in genetic diversity in each clade. According to this analysis, sequences within clades E and A were very similar, whereas clade B exhibited a larger diversity. In a second step, we used the ITS1 libraries to calculate Fst values a measure of the genetic differentiation among populations from different sites. This was done for each clade separately, as they form separate putative species. Clade A included sequences from all the five sites, and there were few base changes between ribotypes as evidenced by short connecting lines in the MJ network. Fst values were generally low between the different geographical populations of clade A (Figure 3) . The Indian population (IND) appeared the most isolated, with Fst values around 0.5 with other locations, whereas the other four populations had lower pairwise Fst values (o0.22). Interestingly, the two populations in the warm sites (Sargasso Sea (BE) and Mediterranean (BL)) showed very little differentiation, as occurred between the two populations from the cold sites (North Pacific (WE) and North Atlantic (NOR)). In contrast to clade A, the MJ network for clades B and C showed a strong spatial structuring, with sequences from the different locations typically forming separate subclades (Fst values 40.80 indicated well-differentiated populations in each site). Subclade C1 stands as one exception for this trend, as little differentiation was seen between BE and IND populations (Fst ¼ 0.18). Finally, sequences from subclade E1, originating from three different regions, were well mixed in the network plot, and there were two cases of identical sequences from distant sites (Figure 2) . The Fst values between these populations were low, particularly between WE and NOR sites (Figure 3 ).
Agreement between ARISA profiles and clone libraries
In order to interpret ARISA data, we first analyzed the fingerprints from the same samples that originated the clone libraries. For each sample, ARISA profiles were similar to the size distribution of clones in the corresponding library (Supplementary Figure S2) , suggesting that all peaks derived from MAST-4 phylotypes (although ARISA peaks were estimated at 5-9 bp larger than the actual fragment size). We then combined all clones from the different libraries to obtain a taxonomic assignment of ARISA peaks (Figure 4) . Clones from clades A and C overlapped at the 511-537 bp region, although some sizes were exclusive to a given clade, such as 513, 525 and 528 (clade A) or 517 and 519 (clade C). 
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Clones from clade B exhibited a wider size range, from 527 to 590 bp, and were the only ones occupying the size spectra from 560 to 574 bp. Clade D, with only four sequences, had the largest clones (648 bp) and also appeared in the 580-594 region intermixed with other clades. Clade E had clones in a restricted region (580-584 bp), and the majority were 581 bp. This analysis enabled us to identify or partially identify clades in subsequent ARISA profiles.
Biogeographical patterns from ARISA fingerprints
We investigated the biogeographical patterns of MAST-4 assemblages by comparing the ARISA fingerprints from 107 samples obtained from 40 separated sites. For most sites (25 out of 40), there were several depths sampled (subsurface to 100 or 250 m) and a subset of 23 samples derived from a temporal study in the Mediterranean site (BL). Samples were analyzed in triplicate and then averaged for further statistical analyses as they were highly similar (see Materials and methods). The correlation between community and geographical distance matrices done with a Mantel test (Figure 5a ) was weak and significant (r ¼ 0.28, P ¼ 0.001), suggesting that geographical distance did not have a strong relation with sample composition. A partial Mantel test with geographical distance conditioned by temperature showed a weaker correlation (r ¼ 0.14, P ¼ 0.001) giving even less weight to the relationship between community and geographical distance, once the effect of the main environmental variable (see below) was removed. Interestingly, a group of samples from distant sites (B15 000 km) were highly similar, whereas samples from the same geographical location could be both similar or different. A Mantel test comparing the community and temperature distances ( Figure 5b ) showed a high and significant correlation (r ¼ 0.60, P ¼ 0.001), highlighting temperature as an important driver of community composition. Moreover, a partial Mantel test with temperature distance conditioned by geographical distance did not bring down the correlation (r ¼ 0.57, P ¼ 0.001). Analysis of community composition by NMDS revealed a clear grouping of samples based on temperature ( Figure 5c ) and no trend for geographical location (Supplementary Figure S3) . To create these groups, we used a separate dendrogram (not shown) where cold samples (from 2 to 9.4 1C) grouped in a cluster with 82% similarity, and the temperate (from 9.5-16.9 1C) and warm (from 17-30 1C) groups also appeared, although with some exceptions. The boundary between the temperate and warm groups was obtained from the clustering of BL samples (see below). We performed several analyses to identify and quantify the factors driving community changes. A Constrained Correspondence Analysis (Figure 5d ; Table 1) confirmed that temperature was the factor explaining most of the variance (51%), whereas sampling depth (Z) explained 18% of the variance. The six deepest samples (200 and 250 m) collected from the Indian Ocean and the Mediterranean Sea are grouped together in the top-left of the plot. These variables were followed by salinity, bottom depth (Zmax, a proxy for coastal vs offshore waters) and Biogeography of an uncultured marine picoeukaryote R Rodríguez-Martínez et al chlorophyll concentration. The sum of these factors explained 91% of the variability. When samples within each temperature group were analyzed separately, temperature was less important than salinity and sampling depth. A second analysis was done after grouping the factors at discrete levels. A PERMANOVA test considering grouped factors showed that temperature explained 36% of the variability in community composition, whereas all factors together explained 55% (Table 1) .
We then searched for the OTUs driving the differences among cold, temperate and warm samples. The SIMPER test identified five OTUs with a dissimilarity contribution between groups 45% (Table 2) . OTU 589 had the largest dissimilarity contribution in all pairwise analyses, especially when including cold samples. This was consistent with the 99% similarity contribution of OTU 589 to the cold group (Table 2 ) and its predominant presence in cold waters (Figure 6 ). OTU 527 was the most important in warm samples (22% similarity contribution) and contributed 7% to the dissimilarity between all comparisons with warm samples. OTUs 529 and 531 appeared important in temperate and warm samples, whereas OTU 567 was characteristic for temperate samples and absent in cold samples. Using the agreement between ARISA and clone libraries peak profiles, we predicted that OTU 589 corresponded to a clone of 581 bp in size, belonging to clade E, whereas OTUs 527, 529 and 531 (clone sizes between 519 and 524 bp) could belong to either clades A or C and OTU 567 (clone size 560 bp) belonged to clade B. Therefore, clade E was best adapted to cold water, (Figure 7 ). The similarity of temperate samples was 458% and the similarity of warm samples was 4 37%. Each group contained samples from different years, highlighting the importance of temperature in defining community composition along this temporal scale. The PERMANOVA test for this subset of samples, considering the same groups as above, showed that temperature was also the factor explaining most of the community composition variability (46%), a contribution even higher than when considering all samples. The SIMPER test revealed that OTU 589 (clade E), which was predominant in temperate waters, had again the largest dissimilarity contribution (30%) between temperate and warm samples. Moreover, this analysis highlighted additional OTUs responsible for community changes, such as OTU 593 that was characteristic of warm samples and contributed 8% of the dissimilarity between the temperature groups.
Discussion
Despite the recent interest in microbial biogeography, the field has suffered from conceptual and methodological limitations that confuse the emerging conclusions (Martiny et al., 2006) . The first problem is the analytical strategy. Many studies are based on a handful of isolated strains from separate geographical sites (Ki and Han, 2005; Kooistra et al., 2008) , which can skew the conclusions reached about biogeography. Here rather than relying on culturing, we employ molecular markers easily amplified from environmental DNA. Thus the sampled diversity is more representative of the natural assemblage (by avoiding culturing bias). In addition, many more individuals (sequences) can be retrieved at once, allowing for more robust population comparisons. Biogeography of an uncultured marine picoeukaryote R Rodríguez-Martínez et al Second, it is very important to choose a good taxonomic marker, because the view that no biogeographical patterns exist in microorganisms (Finlay et al., 2006) could be caused by an ambiguous or incorrect identification of protist species (Lomolino et al., 2006) . Indeed many protist species appear to be widely distributed when identified via morphology, but these 'morphological species' most likely include cryptic species (Dolan, 2006) . In our study, we used the highly variable ITS1 region as a diversity marker, which provides an enhanced taxonomic resolution as compared with the 18S rDNA gene (Brown and Fuhrman, 2005) . ITS1 has been used to assess the inter-and intraspecific diversity of Pseudo-nitzschia populations (Orsini et al., 2004) and for elucidating Pseudo-nitzschia community structure using ARISA fingerprints (Hubbard et al., 2008) . Our analysis using both the ITS1 sequences and ARISA fingerprints confirmed the ITS region as a good marker for studying microbial biogeography.
Third, it is important to clearly determine the genetic diversity of the studied taxa. We focus here on the uncultured protist MAST-4, which exhibits a limited evolutionary diversification (Rodríguez-Martínez et al., 2012) . By designing specific primers amplifying the ITS1 region of MAST-4, we increased the currently available sequences for this group by 10-fold. Even with this order of magnitude increase in sequence sampling, only two additional putative species were revealed within this group (based on the conserved regions of ITS secondary structures (Coleman, 2009) ). The evidence for not more than 12 putative species confirms the low diversity of MAST-4. One of the clades, clade A, still appears to be a single species, with almost all clones having the same helix III motif in the ITS1 secondary structure. This was consistent with our previous study showing low-sequence divergence, incongruent tree topologies and no polymorphisms in the critical regions of the ITS1 and ITS2 secondary structures for sequences within this clade (Rodríguez-Martínez et al., 2012) . With the same criteria, subclade E1 also Figure 7 NMDS analysis of ARISA fingerprints in the temporal study at Blanes Bay. Samples are displayed with symbols for temperature as in Figure 5 and with the date of sampling (month-year). Points enclosed by dashed and solid lines cluster at 37% and 58% similarity, respectively, in a separate dendrogram (not shown).
forms a single species. The structuring of MAST-4 in a few genetically distinct species is similar to that found in other marine protists, such as the cosmopolitan diatom Skeletonema costatum (Kooistra et al., 2008) . Finally, a limitation of many studies is the inability to disentangle the relative contribution of contemporary environmental conditions and historical contingencies in shaping the spatial variations of microbial communities (Martiny et al., 2006) . Our study addresses this question by analyzing spatial changes together with the associated environmental factors. In addition, as a single sampling event may not cover the complete biodiversity of a given location (Nolte et al., 2010) , we also evaluated temporal changes over an annual cycle.
The analysis of MAST-4 assemblages using ARISA fingerprints showed that temperature was the main factor influencing the distribution patterns, as has been observed in other marine microbes like Prochlorococcus (Martiny et al., 2009 ) and bacterial and archaeal assemblages (Winter et al., 2008) . Distant samples sharing the same temperature could have similar MAST-4 composition, whereas samples with different temperatures contained very different MAST-4 assemblages. This global pattern was also observable in a temporal study at the same geographical site (Blanes Bay). In this location with a thermal seasonal cycle from 12 to 24 1C, samples again grouped by temperature, confirming it as an important structuring factor. Moreover, the Fst analysis revealed very little differentiation between populations geographically distant but with a similar temperature. It is worth mentioning that a similar pattern could have been obtained due to another driving factor not measured here but strongly correlated with temperature (Martiny et al., 2009) . Thus, the spatial distribution of MAST-4 seemed to be mainly controlled by contemporary environmental factors with a null or low degree of provincialism. Other abiotic factors that are known to be important in defining microbial community composition, such as salinity (Logares et al., 2009) and sampling depth (Winter et al., 2008) , were important within each of the defined temperature group.
In a more detailed analysis of clades, those which likely constitute a single species (A and E1) displayed well-mixed populations in the MJ networks and exhibited low differentiation (Fst values) among populations, particularly in samples with similar temperature regardless of whether they came from distant places. By contrast, clades B and C, each probably composed of more than one species, exhibited some spatial structuring, with subclades appearing in only one library. This intriguing feature, perhaps indicating some dispersal restriction for clades B and C, could also be due to undersampling and deserves more attention in future surveys. If confirmed by further results, the dispersal limitation of clades B and C would be comparable with that found with the cosmopolitan marine planktonic diatom Pseudo-nitzschia pungens (Casteleyn et al., 2010) .
Our data also highlighted specific MAST-4 lineages adapted to different temperature regimes. Thus, clade B, and either or possibly both clades A or C, were characteristic of temperate and warm waters, whereas clade E1 (represented by OTU 589) was adapted to inhabit cold waters. The genetic structure of MAST-4 with different lineages, some ubiquitous in the oceans and with particular ecological properties, resembles that of other marine microorganisms. Thus, different Ostreococcus (Rodríguez et al., 2005) and Synechococcus lineages (Ahlgren and Rocap, 2006) are adapted to different light levels, and a Micromonas pusilla clade adapted to cold temperature has been reported . It has been proposed that this ecotypic differentiation can partly explain the success of these microorganisms, allowing them to exploit the whole spectrum of habitat variability.
The uncultured free-living protist MAST-4 is widely abundant and very small and thus possesses the properties for a worldwide distribution (Finlay, 2002) . Moreover, it lives in a marine habitat, where wind, waves and currents produce mixing events that facilitate the dispersion. However, we did not observe all MAST-4 clades at all locations but saw biogeographical patterns, stressing the importance of the end of the tenet, 'but the environment selects'. It is reasonable to hypothesize that MAST-4 has a huge dispersal capacity and can arrive everywhere within a marine habitat. For instance, there is one record of a MAST-4 sequence in the Arctic Ocean (Lovejoy and Potvin, 2011) , showing the potential to arrive to such high latitudes probably dragged by Pacific coastal currents. But then, depending on the environmental conditions, different organisms will thrive, resulting in different community patterns. Although microorganisms could spread across all suitable habitats, local adaptations eventually may promote speciation (Medlin, 2007) . In conclusion, we did not see strong marine geographical barriers for the dispersal of MAST-4, instead temperature appeared as the main driver for community composition. For MAST-4, we suggest that the environment makes a taxonomic selection among clades with distinct physiological adaptations.
